Poly(hydroxyalkanoate) (PHA) polymers are biologically synthesized polyester produced by the fermentation of renewable biomass, and are completely biodegradable under aerobic and anaerobic conditions. [1] [2] [3] Among PHA polymers, poly(3-hydroxybutyrate) (PHB), has been studied most extensively as environment-friendly polymers. To improve the physical properties of PHB for a wide range of applications, PHB-based copolymers, such as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHx)) have recently been introduced. 4, 5 The structure and the thermal behavior of PHB and P(HB-co-HHx) copolymer have been investigated by X-ray diffraction, FTIR spectroscopy, and differential scanning calorimetry. [6] [7] [8] [9] [10] It is well known that FTIR spectroscopy is a powerful technique for investigating polymers. [6] [7] [8] 10, [11] [12] [13] [14] However, the overlap of spectral features sometimes limits the utility of the technique. To overcome any shortcoming of conventional spectral analysis, two-dimensional (2D) correlation spectroscopy has been applied to FTIR spectra. [11] [12] [13] [14] [15] Generalized 2D correlation spectroscopy is a well-established analytical technique that provides considerable utility and benefit in various spectroscopic studies of polymers.
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Among PHA polymers, poly(3-hydroxybutyrate) (PHB), has been studied most extensively as environment-friendly polymers. To improve the physical properties of PHB for a wide range of applications, PHB-based copolymers, such as poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHx)) have recently been introduced. 4, 5 The structure and the thermal behavior of PHB and P(HB-co-HHx) copolymer have been investigated by X-ray diffraction, FTIR spectroscopy, and differential scanning calorimetry. [6] [7] [8] [9] [10] It is well known that FTIR spectroscopy is a powerful technique for investigating polymers. [6] [7] [8] 10, [11] [12] [13] [14] However, the overlap of spectral features sometimes limits the utility of the technique. To overcome any shortcoming of conventional spectral analysis, two-dimensional (2D) correlation spectroscopy has been applied to FTIR spectra. [11] [12] [13] [14] [15] Generalized 2D correlation spectroscopy is a well-established analytical technique that provides considerable utility and benefit in various spectroscopic studies of polymers. [16] [17] [18] Some of the notable features of generalized 2D correlation spectra are: the simplification of complex spectra consisting of many overlapped peaks; an enhancement of the spectral resolution by spreading peaks along the second dimension; the establishment of unambiguous assignments through the correlation of bands that are selectively coupled by various interaction mechanisms; and the determination of the sequence of the spectral peak emergence. The details of this technique were described previously. [16] [17] [18] We recently proposed a very powerful modification of generalized 2D correlation spectroscopy to improve the data quality for 2D correlation analysis, which involves the incorporation of multivariate chemometric techniques. [19] [20] [21] [22] [23] [24] Principal component analysis-based 2D (PCA2D) correlation spectroscopy showed the great advantage of noise suppression for generalized 2D correlation spectroscopy. 20, 24 We formulated the reconstructed data matrix A*, which no longer contains the residual (i.e., noise) contributions, from a few selected significant scores and loadings derived from PCA of the original set of perturbation-dependent spectra A.
where W and V are a score matrix and a loading matrix, respectively. The notation V T stands for the transpose of V. The PCA-reconstructed data matrix, in place of the original data matrix, has been successfully utilized to calculate improved 2D correlation spectra. The 2D correlation analysis of this reconstructed data matrix can accentuate the most important features of synchronicity and asynchronicity without being hampered by noise. Furthermore, a radically new idea of an eigenvalue manipulating transformation (EMT) for generalized PCA2D correlation analysis was demonstrated. data matrix for PCA2D correlation analysis was reconstructed from the singular value decomposition (SVD), followed by altering the eigenvalues associated with the data set.
The PCA-reconstructed data matrix, A*, is expressed by a SVD,
and
where U, S, and V are, respectively, an orthonormal matrix, a diagonal matrix, and a loading matrix. Here, L = W T W is a diagonal matrix, where each diagonal element corresponds to a principal component eigenvalue. The score matrix, W, is expressed in the form W = US, and can be obtained directly from W = AV.
The total number of PCs used to obtain the PCA-reconstructed data is kept relatively small to minimize the contribution of noise. The initial truncation of the noise component becomes especially important in the current EMT operation, where the contributions from minor PCs are enhanced later.
The new transformed data matrix, A**, can be obtained by manipulating and replacing eigenvalues of A* as
where S** is given by varying the corresponding eigenvalues in S by raising or lowering them to the power of m,
This new EMT-reconstructed data matrix, A**, will be used instead of A* for calculations of the enhanced 2D correlation spectra. By uniformly raising the power of a set of original eigenvalues, the influence of factors associated with major eigenvalues becomes more prominent, while the minor eigenvectors primarily arising from the noise component are no longer strongly represented. Thus, this transformation of the data matrix becomes a gradual noise reduction scheme with attractive flexibility of continuously fine-tuning the balance between the desired noise suppression and the retention of pertinent spectral information. However, by uniformly lowering the power of a set of eigenvalues associated with the original data, the smaller eigenvalues become more prominent and the contributions of minor components become amplified. A more subtle difference in the spectral behavior for each component is now highlighted.
In this study, we applied PCA2D correlation spectroscopy to the temperature-dependent IR spectra of biodegradable PHA. We also considered the EMT technique by lowering the power of a set of eigenvalues associated with the original data to accentuate any subtle differences in the thermal responses, which is difficult to observe by ordinary 2D correlation analysis. The small difference in the thermal responses can be much more greatly emphasized than the original data if we magnify the minor eigenvalues. We then shed light on our understanding of the thermal behavior of biodegradable PHA.
Experimental
Bacterially synthesized poly(3-hydroxybutyrate) (PHB) was obtained from Procter & Gamble Company, Cincinnati, OH. It was dissolved in hot chloroform, re-precipitated in methanol as a fine powder, and vacuum-dried at 60˚C.
The transmission IR spectra were measured at a 2-cm -1 resolution using a Thermo Nicolet NEXUS 470 Fouriertransform IR spectrometer with a liquid-nitrogen-cooled mercury-cadmium-telluride detector. A total of 512 scans were co-added for each IR spectral measurement to ensure a high signal-to-noise ratio. The temperature of the IR cell was controlled by a thermoelectric device (CN4400, OMEGA) with an accuracy of ±0.1˚C. The temperature was increased at a rate of ca. 2˚C/min. After changing the temperature, the cell was maintained at that temperature for 15 min to make the samples equilibrate.
Prior to a PCA calculation, the mean centering operation was applied to the data matrix. To preserve the amplitude information of the variation of spectral intensities, which becomes important later for a 2D correlation analysis, other steps commonly used in PCA, such as normalization scaling of data according to the standard deviation, were not carried out. PCA analysis was performed in Pirouette software (Infometrix Inc.).
Synchronous and asynchronous 2D correlation spectra were obtained using the same software as at described previously.
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Results and Discussion
The temperature-dependent IR spectra of PHB, obtained during the heating process from 20 to 200˚C, are shown in Fig. 1 . As shown in Fig. 1 , there are two distinct bands in the C=O stretching band, a crystalline band at 1722 cm -1 and an amorphous band near 1740 cm -1 . The intensity of the crystalline band decreases with increasing temperature, and changes suddenly above 180˚C. It is well known that the melting temperature of PHB is about 170˚C. Thus, this spectral change reflects the melting of PHB.
We applied PCA2D correlation spectroscopy to the temperature-dependent IR spectra of PHB. The original spectral data set ( Fig. 1 ) was decomposed into scores and loading vectors by standard PCA analysis. PC1, PC2, and PC3 account for 93.1, 6.6, and 0.2%, respectively, of the contribution to the data; thus, three principal components have essentially all information needed to describe the temperature-dependent IR spectra of PHB. Figures 2(a) and (b) show scores on the three principal components versus the temperature for the FTIR 882 ANALYTICAL SCIENCES JULY 2007, VOL. 23 spectra of PHB and the loading vector for the three principal components for the temperature-dependent IR spectra of PHB, respectively. The reconstructed data matrix, A*, obtained by Eq. (1) from the three principal components is shown Fig. 3(a) . The PCA-reconstructed spectra with the average spectrum added back are also shown Fig. 3(b) for an easier comparison with Fig. 1 . We clearly found that this reconstructed spectra is virtually indistinguishable from the original spectra, suggesting that most of the pertinent information is retained in the PCAreconstructed data. We can thus successfully truncate the noise component from the original spectra by applying the classical PCA treatment to the original data without using a mathematical smoothing filter. This PCA-reconstructed data matrix was used instead of the original raw spectral data matrix, A, for a subsequent 2D correlation analysis. Figures 4(a) and (b) show the synchronous and asynchronous 2D correlation spectrum constructed from the PCAreconstructed data with three PCs. Figures 4(c) and (d) depict the corresponding 2D correlation spectra for the C=O stretching band. In the synchronous 2D correlation spectrum between the C=O stretching and the synchronous spectrum (Fig. 4(c) ), we can mainly observe the crystalline band at 1722 cm -1 and the amorphous band at 1746 cm -1 . However, the band at 1722 cm -1 now seems to be resolved into two bands at 1722 and 1732 cm -1 in the asynchronous 2D correlation spectrum (Fig. 4(d) ), which is not readily detectable in the original 1D spectra. In the original spectra, the crystalline band may look like an ordinary single peak, but it actually turned out to be a doublet from the 2D correlation analysis. In the asynchronous 2D correlation spectrum, we clearly captured the possible existence of two components in the crystalline band of the C=O stretching mode, although the feature of the 1732 cm -1 band is still somewhat obscured by the presence of a dominant amorphous band at 1740 cm -1 . The sequence of intensity changes with increasing temperature is such that a band at 1732 cm -1 is changing first at an earlier (i.e., lower temperature) stage. Two types of crystalline population are believed to be well-ordered primary crystals observed at a lower wavenumber, and less ordered secondary crystals observed at a higher wavenumber.
To better understand the details of the thermal behavior of PHB, we performed the EMT technique by lowering the power of a set of eigenvalues associated with the original data. The new EMT-reconstructed data matrix, A**, obtained by Eqs. (4) and (5), was used instead of the usual PCA-reconstructed data matrix, A*, for 2D correlation analysis. Figure 5 shows a series of EMT-reconstructed spectral data, A**, obtained by replacing the eigenvalues of A*. As can be clearly seen from the spectra in Fig. 5 , changing the power of the eigenvalues even at m = 1/2 to 1/4 has a very profound effect on the reconstructed spectra. It is noted that if the parameter m is 1, the EMT-reconstructed data matrix is the same as the noise truncated PCAreconstructed data matrix, i.e., A** = A*. Figure 6 displays synchronous 2D correlation spectra from the newly transformed data matrix, A**, obtained by replacing the eigenvalues of A*. The corresponding asynchronous 2D correlation spectra are shown in Fig. 7 . Such a data matrix, A**, will emphasize the subtle contributions from minor eigenvectors much more strongly than the original data. Additional enhanced features were observed in the synchronous 2D correlation spectra from A**, as we have reported previously. 19, [21] [22] [23] Any detectable asynchronicity was already presented in our original 2D correlation spectrum from A*. Figure 6 clearly shows that by 884 ANALYTICAL SCIENCES JULY 2007, VOL. 23 accentuating the minor PCs, the intensity changes of bands at 1289, 1258, 1182, and 1059 cm -1 are significant with the temperature. These bands are assigned to the amorphous components of PHB. 15 Thus, the subtle differences in the thermal responses, which are difficult to observe by conventional 2D correlation analysis, are accentuated much more strongly than the original data.
Here, another potential of PCA2D correlation spectroscopy was also considered. Figure 8 shows PCA2D correlation spectra obtained only for the second and third principal components, PC2 and PC3. The influence of PC1 was completely eliminated by reconstructing data with PC2 and PC3. A less ordered crystalline band at 1732 cm -1 , which is mainly represented by the minor principal components, is now very clearly observed in the asynchronous cross peak. This band was somewhat obscured by the presence of a dominant amorphous band at 1740 cm -1 , even in the 2D correlation spectrum (Fig. 4) .
To extract more detailed information for the thermal behavior of PHB, we accomplished a 2D correlation analysis with the EMT operation for the CH stretching vibration region. Figure 9 shows the temperature-dependent IR spectra of PHB obtained during the heating process from 20 to 200˚C in the CH stretching region. As shown in Fig. 9 , the CH3 stretching band at 2975 cm -1 decreases, whereas that at 2985 cm -1 increases with the temperature. The investigation of the thermal behavior of the CH3 group is very interesting because the CH3 group exists only in the side chain, while the CH2 group is located on the skeletal chain of PHB. The synchronous 2D correlation spectra from the EMT-reconstructed spectral data, A**, obtained by lowering the power of the eigenvalues of A* are shown in Fig. 10 . The synchronous 2D correlation spectrum for the original spectral data, at m = 1 ( Fig. 10(a) ) shows that as the temperature increases, the bands at 2986 and 2945 cm -1 increase together, while those at 2975 and 2933 cm -1 decrease together. This means that the intensities of the bands to the amorphous components of PHB increase with the temperature, while those to the crystalline components decrease. We can clearly observe from Fig. 10 that by accentuating the minor PCs, the intensity of the band at 2975 cm -1 is changed much more significantly with the temperature. By accentuating the minor PCs, it seems that the intensities of the bands assignable to the amorphous 885 ANALYTICAL SCIENCES JULY 2007, VOL. 23 components of PHB are greatly changed in the C-O-C stretching region, while the intensity of the band to the crystalline component is changed most in the CH stretching region.
While EMT is effective in bringing out the subtle features hidden within a spectral data set, the extent of accentuation for individual component-specific information remains somewhat unambiguous. To solve this ambiguity limitation, we carried out a 2D correlation between the CH and C=O stretching region. Figure 11 shows the synchronous 2D correlation spectrum between the CH and C=O stretching region obtained from the original spectral data, at m = 1. The slice spectra at 1746 and 1723 cm -1 are also shown in the top of Fig. 11 . The positive cross peak in the synchronous spectrum means that the bands of C-H stretching are directly correlated to specific C=O stretching, whereas if the cross peak becomes negative, the origin of the C-H stretching band does not correspond to that of the C=O stretching band. A band at 1746 cm -1 , assignable to C=O 886 ANALYTICAL SCIENCES JULY 2007, VOL. 23 stretching of the amorphous components, has positive cross peaks at 2985, 2944, 2911, and 2883 cm -1 in the C-H stretching region.
However, that at 1723 cm -1 to the crystalline components has positive cross peaks at 3008, 2998, 2974, 2968, 2932, and 2872 cm -1 in the C-H stretching region.
The synchronous 2D correlation spectra from the EMTreconstructed spectral data, A**, obtained by lowering the power of eigenvalues of A* are shown in Fig. 12 . Very interestingly, the bands at 2998 and 2975 cm -1 have positive cross peaks at 1746 cm -1 to the amorphous components by lowering the power of the eigenvalues. This suggests that the intensity change at the band at 2975 cm -1 actually includes some contribution from the amorphous component. Thus, the EMT technique, which accentuates the contribution of the minor PCs, seems to preferentially emphasize the behavior of the amorphous components of PHB affected during the melting process.
Conclusions
We have demonstrated in this study that the thermal behavior of poly(hydroxybutylate) is more clearly understood by using PCA2D correlation spectroscopy through the EMT technique. By lowering the power of a set of eigenvalues associated with the original data, the very small differences in the thermal responses are much more effectively emphasized than the original data. Such a subtle feature is sometimes difficult to observe even by ordinary 2D correlation analysis. When the contributions from minor factors are enhanced by an eigenvalue manipulating transformation, the intensities of the bands assignable to the amorphous component of PHB are accentuated more in the C-O-C stretching region, while the intensities of the bands assignable to the crystalline component become most prominent in the CH stretching region. However, the 2D correlation between the CH and C=O stretching region reveals that the spectral intensity change of the CH3 stretching bands at 2975 cm -1 contains the component due to the amorphous contribution. Thus, the PCA2D correlation analysis through the EMT technique provides additional resolution power to the conventional 2D correlation analysis to identify subtle hidden features in the original spectra. 
